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METHOD AND APPARATUS FOR DUTY
CYCLE PRE-DISTORTION AND
TWO-DIMENSIONAL MODULATION

FIELD OF THE INVENTION

The present invention relates generally to transmitter
improvement and more particularly to duty cycle pre-distor-
tion and two-dimensional modulation.

BACKGROUND OF THE INVENTION

In most modern communications protocols (e.g., 1n tele-
communications), data 1s sent one bit at one time, sequen-
tially, over a communications channel or computer bus as
serial communications. In serial communications, jitter 1s an
unwanted variation of one or more signal characteristics.
Jitter may be seen in characteristics such as the interval
between successive pulses, or the amplitude, frequency, or
phase of successive cycles. Jitter 1s a significant factor in the
design of almost all communications links (e.g., USB, PCl-e,
SAS/SATA, XAUI, Infinitband, SONET/SDH, FC, etc.). Jitter
1s found 1n a number of signal characteristics (e.g., amplitude,
phase, pulse width, or pulse position), and can be quantified in
the same terms as all time-varying signals (e.g., root mean
square (RMS), peak-to-peak displacement, etc.).

Total jtter (1J) 1s generally a specification of serial link
standards and 1s used as a figure of merit when comparing
serializer and desenalizer (SerDes) devices. TJ comprises
data dependent jitter (DDJ). In turn, DDJ comprises inter-
symbol interference (ISI) and duty cycle distortion (DCD).
Both ISI and DCD affect the amplitude and the phase (e.g.,
the location of the pulse edge) of a data signal. Lelt uncom-
pensated, DDJ will cause errors 1n the received data.

ISI 1s a form of distortion of a signal that causes both the
previously transmitted symbols and the succeeding symbols
to have an effect on the currently recerved symbol. In a digital
transmission system, such distortion of the received signal 1s
manifested in the temporal spreading and consequent overlap
of individual pulses to the degree that the receiver cannot
reliably distinguish between changes of state (e.g., between
individual signal elements). ISI 1s usually an undesirable
phenomenon as the surrounding symbols have a similar effect
to noise, thus making the communication less reliable. ISI
will compromise the integrity of the received data. ISI 1s
usually introduced by bandwidth limited physical media to
which a SerDes device 1s connected and 1s caused by echoes
or non-linear frequency response of the channel.

ISI may be measured by data eye patterns. That 1s, the
relative magnitude of ISI may be viewed by examining the
data eye. In this context, the data eye 1s a pattern generated on
an oscilloscope which 1s triggered by the data clock and
displays the recerved data wavetorm. The resulting overlay of
multiple traces on the oscilloscope produces a shape resem-
bling a partially closed eye. The eye appears more closed
when the data 1s distorted. Methods of combating 1inter-sym-
bol interference include transmitter side pre-emphasis and
receiver side linear equalization and/or DFE. Each of these
methods can be either programmed or made adaptive. Thus,
the data eye will appear more open when transmission 1s
improved.

DCD 1s a deviation 1n duty-cycle value from the 1deal (e.g.,
intended) value or the difference in propagation delay
between low to high and high to low delay times. This devia-
tion 1s both the variance 1 timing away from an 1deal duty
cycle (e.g., 50%) and also the variance 1n average voltage
offset. DCD 1s generally generated within a SerDes device
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2

due to an 1mbalance 1n drive circuit bias levels. In many serial
data systems DCD equates to a deviation 1n bit time between
a 1 bit and a 0 bit. The source of DCD i1s commonly timing
differences between rising and falling edges within a system,
but may also be caused by ground shifts in single ended
systems.

DDJ also comprises jitter introduced 1nto a serial link via
active components. In a fiber optic network, active compo-
nents include optical amplifiers, couplers, repeaters, etc.
These components can actively shape the transmitted wave-
form, thus introducing additional DDJ.

Both ISI and DCD jitter have significant impact on the
performance of a SerDes device since they both serve to
reduce the vertical and horizontal openings of a data eye. The
vertical dimension of the data eye 1s referred to as the signal
amplitude, measured 1n millivolts. The horizontal dimension
of the data eye 1s referred to as the signal period and 1is
measured 1n picoseconds.

Conventional methods of jitter compensation include
equalization. At the transmit side, equalization techniques
used generally include transmitter pre-emphasis (1XPE) or
de-emphasis. TXPE boosts the signal amplitude at the tran-
sitions, thus compensating the channel attenuation at high
frequencies. Alternatively, lower frequencies may be attenus-
ated (e.g., de-emphasis). For simplicity, any method of trans-
mitter boosting, attenuation, pre-emphasis, or de-emphasis 1s
referred to herein as pre-emphasis.

To achieve extra headroom, a large supply voltage for the
transmitter output butler 1s required. This leads to increased
power consumption. Further, large signal swings also create
voltage and current ripples and work as crosstalk aggressors.
This gives rise to increased near end crosstalk (NEXT) and/or
tar end crosstalk (FEX'T). In order to restrict crosstalk impact,
the transmitted signal dynamic range 1s limited. As most
receivers have some equalization mechanism built-in, i1t tends
to boost the crosstalk energy while boosting the signal energy
at high frequency, thus degrading the receirved signal integ-
rity.

Additionally, TXPE provides only limited DDJ compen-
sation. Since most of the TXPE 1s focused on data amplitude
compensation, the horizontal timing of data pulses 1s not
directly dealt with. This may be seen in optical systems 1n
which active components reshape the pulse wavetorm.

Other methods of jitter compensation use clock delay ele-
ments to control clock edges and data signal transitions.
These clock delay elements are difficult to match and are
difficult to control over process, temperature, and voltage.

Accordingly, a more comprehensive approach to jitter
management 1s required.

BRIEF SUMMARY OF THE INVENTION

The present invention provides methods and apparatus for
reducing jitter in serial transmissions. To reduce jitter, the
duty cycle and amplitude of a signal are modified. The modi-
fication may include modulating the leading and trailing
edges of adata pulse (e.g., a signaling bit of the signal) as well
as leading and/or trailing edges of preceding and/or succeed-
ing data pulses. Data control signals based on the modulated
signals are sent to clock and data buifers to modulate the
transmission and improve signal transmission.

The signaling bit and/or other bits may be modulated using,
a multi-dimensional (e.g., a two-dimensional) modulation
circuit. The modulation circuit includes a data dependency
controller which modulates the pulse width of the signal. The
modulation circuit also mcludes a circuit to modulate the
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amplitude of the signal. In this way, both the width and height
of the data signal may be modulated and the transmission may
be improved.

These and other advantages of the invention will be appar-
ent to those of ordinary skill 1n the art by reference to the
tollowing detailed description and the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flowchart of a method of reducing data depen-
dent jitter according to an embodiment of the present mnven-
tion;

FIG. 2 1s a block diagram of a circuit according to an
embodiment of the present invention;

FIG. 3 depicts an exemplary data dependency controller
according to an embodiment of the present invention;

FIG. 4 depicts an exemplary data dependency controller
according to an embodiment of the present invention;

FIG. 5 depicts a look-up table of a leading group of bits
according to an embodiment of the present invention;

FIG. 6 depicts a look-up table of a second leading group of
bits according to an embodiment of the present invention;

FIG. 7 depicts a look-up table of a trailing group of bits
according to an embodiment of the present invention;

FI1G. 8 depicts a look-up table of a second trailing group of
bits according to an embodiment of the present invention;

FIG. 9 depicts a look-up table of a leading group of bits
according to an embodiment of the present invention;

FIG. 10 depicts a look-up table of a trailing group of bits
according to an embodiment of the present invention;

FIG. 11 depicts the SerDes transmitter sending data with-
out any pre-equalization and the data eye after a backplane;

FI1G. 12 depicts the SerDes transmitter using conventional
amplitude-only FIR pre-emphasis and the data eye after a
backplane;

FIG. 13 depicts the SerDes transmitter and the data eye
after a backplane utilizing the pre-DCD of the present inven-
tion;

FIG. 14 depicts the SerDes transmitter and the data eye
alter a backplane utilizing the multi-dimensional modulation
circuits and methods according to an embodiment of the
present invention; and

FIG. 15 1s a schematic drawing of a computer according to
an embodiment of the mvention.

DETAILED DESCRIPTION

The present invention relates generally to transmitter
improvement and more particularly to duty cycle pre-distor-
tion and two-dimensional modulation. Two-dimensional
modulation mcorporates an amplitude pre-emphasis scheme
as well as a transmit duty cycle pre-distortion (pre-DCD)
technique.

The mventive pre-DCD methods and circuits directly
address transition edges of the data signal. Accordingly, it 1s
a more eificient method of dealing with pulse width modula-
tion (PWM) ellects, especially PWM efllects derived from
optical systems. The pre-DCD method also reduces voltage
and/or current swings. This minimizes strains on the power
supply and reduces undesirable crosstalk effects.

Further, the present two-dimensional modulation method
can use a TXPE circuit to approximate the inverse character-
istics of the transmit data path. The two dimensional modu-
lation may be configured to provide a filtering profile, F (1),
mimicking the inverse of a channel profile, F -, (1), through
which the signal 1s transmuitted. F .(1)=k*1/F -, (1), where k
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1s usually a constant factor less than 1. Thus, F (1)*F ~,
(1)=k, implying independence of f (e.g., frequency). Thus, the
channel 1s equalized.

This provides a more eificient and cost effective SerDes
device for reliable data communications. That 1s, the present
two-dimensional modulation method 1s more efficient and
cost effective because 1t 1s achieved common circuit blocks
without the large launch amplitude requirement when only
amplitude modulation (e.g., TXPE) 1s used. This, in turn,
helps reduce the energy at the transmitter launch, reducing
power consumption and the impact of the transmit channel on
all neighboring channels.

FIG. 1 1s a flowchart of a method 100 of reducing DDJ
according to an embodiment of the present invention. The
method 100 begins at step 102. The method 100 of FIG. 1 may
be performed by any appropriate combination of circuitry. In
an exemplary embodiment, the method steps of method 100
may be performed by the DCD circuit 200 of FI1G. 2 which 1s
described 1n further detail below.

At step 104, the duty cycle (e.g., the pulse width) of a signal
1s modulated. Clock DCD 1s attributed primarily to asymme-
try of clock duty cycles. In the case of a multi-phased clock,
clock DCD occurs when the phase separation (e.g., spacing)
1s non-linear. Jitter from clock DCD 1s passed on to serial data
when distorted clocks are used to serialize a parallel input
signal.

The signal may be a clock signal or may be a transmission
signal and may be modulated by the circuits described below,
especially with respect to FIGS. 2-4. The signal may be
modulated dynamically such that each data signal edge
undergoes modulation. Such a modulation scheme may uti-
lize look-up tables to modulate the data pulse edges based on
the current signal edges (e.g., the leading and/or the trailing
edges) and/or the leading edge of a trailing signal and/or the
trailing edge of a leading signal. In other embodiments, a
modulation may be determined to apply to all signal edges
from a transmitter based on a single waveform, a group of
wavelorms, and/or a sampling of signals. As such, DCD from
a clock source 1s modulated (e.g., calibrated) 1n step 104.

In step 106, the amplitude of the signal 1s modulated. That
1s, the DCD from a data source 1s modulated (e.g., calibrated).
Modulation of the amplitude of the signal may include ampli-
tude (e.g., transmitter) pre-emphasis. Such pre-emphasis may
be performed according to known methods as described
above and 1n detail below with respect to element 210 of FIG.
2 or may be performed 1n connection with the multi-dimen-
sional modulation of multi-dimensional modulation module
206 of FIG. 2.

In step 108, data control signals based on the modulated
duty cycle of the signal are transmitted to a clock butter such
as CKBUF 202 of FIG. 2. In step 110, data control signals
based on the modulated amplitude of the signal are transmuit-
ted to a data butler such as DBUF 204 of FIG. 2. It may be
understood that steps 108 and 110 may be performed substan-
tially (e.g., approximately) simultaneously and/or separately.
That 1s, 1n practical use, steps 108 and 110 may be performed
at about the same time. Further, the data control signals of
steps 108 and 110, referred to more specifically below with
respect to FIG. 2, may be transmitted to any appropnate
module and/or circuit for signal processing.

Further, steps 104 and 106 may be performed substantially
(e.g., approximately) simultaneously and/or in concert with
cach other. That 1s, a data signal may be processed according
to method steps 104 and 106 1n series or 1n parallel (e.g., at
about the same time) and may produce data control signals as
indicated 1n method steps 108 and 110 and with reference to

DDC 208 sending control signals to CKBUF 204 and DBUF
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204 and amplitude pre-emphasizer 210 sending control sig-
nals to DBUF 204 as described below with respect to FI1G. 2.

Further, as described herein, method steps 108 and 110 may
be performed 1n series, alone, or 1n concert (e.g., 1n parallel).
That 1s, method step 108 (DCD-only) may be performed,
method step 110 (amplitude pre-emphasis) may be per-
formed, or both steps (two-dimensional modulation) may be
performed concurrently.

The method ends at step 112.

FI1G. 2 15 a block diagram of a circuit 200 according to an
embodiment of the present invention. Circuit 200 may be a

circuit for perform trimming, correction, and generation of
DCD, herein reterred to as DCD circuit 200. DCD circuit 200
comprises a programmable threshold clock buffer module

(CKBUF) 202, a programmable threshold data buffer module

(DBUF) 204, and a multi-dimensional modulation module
206 coupled (e.g., via control signals) to CKBUF 202 and/or

DBUF 204.

Multi-dimensional modulation module 206 may be a cir-
cuit and/or may comprise a data dependency controller
(DDC) 208 and/or an amplitude pre-emphasizer 210. DDC
208 may be configurable to send clock DCD control signals to
CKBUF 202 and/or data DCD control signals to DBUF 204.
Similarly, amplitude pre-emphasizer 210 may be config-
urable to send data amplitude PE to DBUF 204. In atleastone
embodiment multi-dimensional modulation module 206 may
have a DDC 208 without an amplitude pre-emphasizer 210
and/or may import (€.g., receive) an amplitude pre-emphasis
signal from another source.

DCD circuit 200 may further comprise a clock source 212
to send one or more clock signals to CKBUF 202, a parallel
transmission data divider 214 to receive parallel transmission
data, divide the transmission data into even data and odd data
streams, and pass the divided transmission data to a data
multiplexer 216. In turn, the multiplexer 216 may pass trans-
mission data to the DBUF 204.

In some embodiments, parallel transmission data may be
N-bit wide (e.g., N=20, 16, 10, etc.). The data are divided into
odd and even groups through several stages of multiplexing.
The final stage of multiplexing takes odd data, even data, odd
data, even data, etc. alternatively. This may be triggered by,
for example, the rising edge, the falling edge of the clock, the
rising edge of the clock, the falling edge of the clock, etc.

In other embodiments, the data may be further divided
(e.g.,bydivider 214) into 41, 41+1, 4142, and 41+3 bins and use
a four phased clock to drive the data out. Generally, the
numbers ol bins are an even number (e.g., 2, 4, 8, etc.), though
they may be of an odd number. The bins are driven out by the
same number of evenly spaced clocks. An advantage of such
an arrangement 1s that the frequencies of the phase clocks 1s
lowered and only one edge may used (e.g., the rising edge),
though other arrangements may also and/or alternatively be
used.

CKBUF 202 may have a configurable (e.g., program-
mable) delay threshold. CKBUF 202 may be a single buffer or
may comprise multiple butlers (e.g., in a butler chain). In
embodiments 1 which a series of CKBUFs 202 are
employed, each butler may have an individual control or may
share a common control of all of the butfers.

In at least one embodiment, CKBUF 202 may be a differ-
ential clock butler. In other embodiments, CKBUF 202 may
be a single-ended clock bufler and/or a multi-phase multi-
data clock buiifer.

CKBUF 202 may pass bullered clock signals (e.g., positive
(CLKP) and complimentary (CLKN) 1n the case of a differ-
ential CKBUF 202) to the data multiplexer 216. As such,
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CKBUF 202 may be capable of shifting the time domain of
data signals passing through data multiplexer 216.

DBUF 204 may have a configurable (e.g., programmable)
slew rate threshold. Similarly to CKBUF 202, DBUF 204
may be a single buifer or may comprise multiple butfers. In
embodiments 1n which a series of DBUFs 204 are employed,
cach buffer may have an individual control or may share a
common control of all of the bullers. In at least one embodi-
ment, DBUF 204 may be a differential data bufler. In other
embodiments, DBUF 204 may be a single-ended data buifer
and/or a multi-phase multi-data data butfer.

DBUF 204 may receive pre-DCD signals from the DDC
208 and/or the amplitude pre-emphasizer 210 (e.g., data DCD
control signals and data amplitude PE, respectively). DBUF
204 may also receive the multiplexed and time-shifted data
signals from data multiplexer 216. As such, DBUF 204 may
be capable of shifting the time domain and/or amplitude of a
data signal, thus performing duty cycle pre-distortion to
address the transition edges of the data signal and reduced
itter.

DDC 208 may be a pre-DCD circuit and may scan past,
current, and/or future signal bits and determine one or more
threshold settings for the CKBUF 202 and/or the DBUF 204.
That 1s, DDC 208 may determine one or more delays for the
CKBUF 202 and/or one or more slew rates for the DBUF 204.
Further capabilities of DDC 208 may be understood with
reference to exemplary DDC circuits in FIGS. 3 and 4 and
look-up tables 1n FIGS. 5-10 as described below.

DDC 208 may comprise one or more delay elements, look-
up table circuits, and/or adders. In the exemplary embodi-
ments of FIGS. 3 and 4, DCD controls may be a multi-bit
digital word. In the same or other embodiments of DDC 208,
DCD controls may be an analog mput (e.g., voltage and/or
current) or may be a combination of digital and analog 1input
signals.

Amplitude pre-emphasizer 210 may comprise circuitry to
modily the amplitude of a data signal as 1s known. In at least
one embodiment, amplitude pre-emphasizer 210 may be a
filter, such as a fimite impulse response (FIR) filter. Other
filters or methods of pre-emphasis may be used.

Amplitude pre-emphasizer 210 may work by performing
digital mathematical operations on an intermediate form of a
signal. In at least one embodiment, amplitude pre-emphasizer

210 may be algorithm controlled; that 1s, 1t may be controlled
using one or more look-up tables, similar to those discussed
below with respect to DDC 208.

Clock source 212 may be a clock capable of generating a
clock signal to coordinate the actions of a circuit. The clock
signal may oscillate between a high and a low state and may
istigate DCD circuit to become active at either the rising or
falling edge, or both, of the clock signal. In the same or
alternative embodiments, clock source 212 may be derived
from a phase-locked loop (PLL). Thus, the clock source 212
may be an electronic control system that generates a signal
that 1s locked to the phase of an 1nput or reference signal. In
this way, the clock source 212 may compare the phase of a
controlled oscillator to the reference, automatically raising or
lowering the frequency of the oscillator until 1ts phase 1s
matched to that of the reference.

Divider 214 and multiplexer 216 may be data demultiplex-
ers and/or multiplexers and/or dividers and/or combiners as 1s
known. That 1s, divider 214 may receive parallel transmission
data as a single input and demultiplex and/or divide the data
signal into even data and odd data signals. Similarly, the
multiplexer 216 may recerved the even and odd data signals
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from the divider 214 and the buflfered clock signals from
CKBUF 202 and may multiplex and/or combine the trans-
mission data accordingly.

FIG. 3 depicts an exemplary data dependency controller
300 according to an embodiment of the present invention.
DDC 300 may be used in DCD circuit 200 above as DDC 208
or may be used 1n another circuit. DDC circuit 300 may be a
data propagation DDC circuit and may comprise any number
(e.g., three, etc.) of delay elements 302a, 3025, and 302c¢
which may be connected 1n series, as shown 1n FIG. 3, or may
be arranged in another manner.

DDC 300 may further comprise multiple (e.g., four, etc.)
look-up table (LUT) circuits 304, 306, 308, and 310. LUT
circuits 304-306 may correspond to the look-up tables con-
taining edge control information depicted in F1GS. 5, 6, 7, and
8, respectively, as discussed below.

Input data may be fed to delay 3024 (and to LUT circuit
310) and subsequently through delays 3026-c and LUT cir-
cuits 304-310 as approprniate. The results of LUT circuits
304-310 may be added at a multiple mnput adder 312. Adder
312 may output a DCD data control signal to be sent to DBUF
204 of F1G. 2. Further discussion of the particular functions of
LUT circuits 304-310 and their use in DDC 300 1s included
below with respect to FIGS. 5-8.

FIG. 4 depicts an exemplary data dependency controller
400 according to an embodiment of the present invention.
DDC 400 may be used in DCD circuit 200 above as DDC 208
or may be used 1n another circuit. DDC circuit 400 may be a
data propagation DDC circuit and may comprise any number
(c.g., three, etc.) of delay elements 402a, 4025, and 402c¢
which may be arranged 1n any manner.

DDC 400 may further comprise multiple (e.g., two, etc.)
look-up table (LUT) circuits 404 and 406. LUT circuits 404-
406 may correspond to the look-up tables containing edge
control information depicted 1n FIGS. 9 and 10, respectively,
as discussed below.

Input data may be fed to delay 402 and LUT circuit 406

and subsequently through delay 4025 and delay 402¢, respec-
tively, and/or through LUT circuits 104 and 406 as appropri-
ate. The results of LUT circuits 404 and 406 may be added at
a multiple input adder 408. Adder 408 may output a DCD data
control signal to be sent to DBUF 204 of FIG. 2. Further
discussion of the particular tunctions of LUT circuits 404 and
406 and their use 1n DDC 400 1s included below with respect
to FIGS. 9 and 10.
In operation, DDC 300 may be used to provide a pre-DCD
control signal in DCD circuit 200. Input data (e.g., parallel
transmission data) may be fed into DDC 300 as a series of
data pulses (e.g., bits) with a trailing (e.g., falling) edge of one
pulse being the leading (e.g., rising) edge of a following
pulse. Therefore, any pulse edge may be intluenced by the
signal 1tself plus the preceding and/or following data. In the
exemplary embodiment of FIGS. 3 and 3-8, a five bit pattern
1s shown to determine an appropriate pre-DCD to be applied
(e.g., at DBUF 204 1n FIG. 2). The five bits include two
preceding bits, a signaling bit, and two succeeding bits. It 1s
noted that the five bit pattern and examples described in
relation to FIGS. 3 and 5-8 are presented to illustrate the
present invention are non-limiting. Any number of bits (e.g.,
more bits, less bits, no bits, etc.) and/or arrangement (e.g.,
asymmetrical bits, etc.) may be used.

FI1G. 5 depicts a look-up table 500 of a leading group of bits
related to look-up table circuit 304 of FIG. 3 according to an
embodiment of the present invention. Similarly, FIG. 6
depicts a look-up table 600 of a second leading group of bits
related to look-up table circuit 306 of FI1G. 3; FIG. 7 depicts

a look-up table 700 of a trailing group of bits related to
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look-up table circuit 308 of FIG. 3; and FIG. 8 depicts a
look-up table 800 of a second trailing group of bits related to
look-up table circuit 310 of FIG. 3.

In FIGS. 3-8, data are labeled with positive indexed bits as
succeeding bits and negative indexed bits as preceding bits.
For example, data may be labeled as D(-2) (e.g., a leading
bit), D(-1) (e.g., a leading bit), D(0) (e.g., the signaling bit),
D(1) (e.g., a trailing bit), D(2) (e.g., a trailing bit). Data may
be further grouped into leading groups (e.g., groups consist-
ing of all preceding bits and the signaling bit) and trailing
groups (€.g., groups consisting of all succeeding bits and the
signaling bit).

Leading groups may influence the leading edge of the
signaling bit and may be continuously divided according to
the farthest bit position with respect to the signaling bit. In the
example of FIGS. 3 and §, a first leading group L1 1s described
as {D(-1), D(0)}. Similarly, in the example of FIGS. 3 and 6,
a second leading group L2 is described as {D(-2), D(-1),
D(0)}.

Trailing groups may influence the trailing edge of the sig-
naling bit and may be formed similarly to leading groups L1
and L.2 of FIGS. 5 and 6, respectively, as in trailing groups T1
and T2 of FIGS. 7 and 8, respectively. It may be seen that the
leading edge of D(0) 1s also the trailing edge of D(-1). As
such, the leading edge of D(0) 1s determined by leading
groups of D(0) (e.g., L1 and L.2) and trailing groups of D(-1)
(e.g., T2).

In the simplified code tables of FIGS. 5-8, signals tLL1, tL.2,
tT1, and t12 may be pre-calibrated controls. They may be
combined together (e.g., via adder 312 of FIG. 3) as tL(n)=
tL1(n)+L2(n)-tT1(n-1)-t12(n-1), thus generating digital
timing controls (e.g., signals for pre-DCD) for CKBUF 202
and DBUF 204 of FIG. 2. In such a case, positive tL(n) values
indicate edge expansion and negative tL(n) values indicate
edge shrinkage. If timing controls are used 1n the opposite
direction, they will generated and 1nject DCD 1nto the serial
data, thus becoming a jitter model and generator and can be
used m ATE testing and lab characterization.

In this way, the circuits described herein may be reused.
Initially, the circuit (e.g., DDC 300 and/or DDC 400) 1s used
to trim the buffers so that non-ideal settings are calibrated.
The trimming imnformation 1s saved when the device 1s pow-
ered up. At a subsequent device power-up, this process
repeats, and/or the trimming may be forced whenever neces-
sary.

The trimming mmformation may be used 1 a number of
ways. First, 11 no time-axis modulation 1s needed, a table 1s

consulted to deliver a close-to-0 DCD from CKBUF (e.g.,
CKBUF 202) and DBUF (e.g., DBUF 204) DCD induced

50 qitter 1s removed. Second, 1f time-axis modulation 1s enabled,
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a table 1s searched to provide settings depending on the
amount of modulation. This will seek to equalize the channel
and remove a certain amount of ISI. Third, in ATE (e.g., for
production testing) an undesirable amount of DCD may be
purposely created such that the signal reaching the receiver 1s
deteriorated. If the receiver can work with this signal, this
device will be regarded as a “pass”.

In operation, DDC 400 of FIG. 4 may be used similarly to
DDC 300 of FIG. 3 to provide a pre-DCD control signal 1n

DCD circuit 200. FIG. 9 depicts a look-up table 900 of a
leading group of bits related to look-up table circuit 404 of
FIG. 4 according to an embodiment of the present invention.
Similarly, FIG. 10 depicts a look-up table 1000 of a trailing
group of bits related to look-up table circuit 406 of FIG. 4.
In FIGS. 9 and 10, data are labeled with positive indexed
bits as succeeding bits and negative indexed bits as preceding
bits. Data may be further grouped into leading groups and
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trailing groups. In the example of FIGS. 4 and 9, a first leading,
group L1 is described as {D(-1), D(0)}. As described herein,
L refers to aleading edge and T refers to a trailing edge. In the
casecof L1,T1, etc., 1 refers to a 1-bit effect (e.g., a first order
approximation). Sumilarly, 1.2 refers to a leading edge with
2-bit effect (e.g., a second order approximation). Accord-
ingly, L1 is controlled by {D(-1),D(0)} and L2 is controlled
by two preceding bits and the signaling bit, {D(-2),D(-1),D
(0)}, as in FIG. 6. Further, T1 is {D(0),D(1)} and T2 is
{D(0),D(1),D(2)} as in FIGS. 7 and 8 respectively.

In such embodiments, a first order approximation gives an
elfective approximation of width modulation, while a second
order approximation refines the first order approximation,
and each succeeding approximation refines its preceding
approximation. Thus, a greater number of preceding and suc-
ceeding bits will yield ever-closer tuning ability. Though
described herein as a 1-bit and a 2-bit eftfect, 1t 1s understood
that this may be expanded to L., and T, systems. That 1s, for
leading edges, the previous n bits may be used and the nextm

bits may be used for trailing edges.
In the simplified code tables of FIGS. 9 and 10, signals tL.1,

tL.2, 11, t12, and t1 may be pre-calibrated controls where
t1=tL.1-tT1 as shown in FIG. 4. They may be combined
together (e.g., via adder 408 of FIG. 4) as tL(n)=t1(n)+tL2
(n)-tT2(n-1), thus generating digital timing controls (e.g.,
signals for pre-DCD) for CKBUF 202 and DBUF 204 of FIG.
2.

Further, the leading edge of a signal may be the trailing
edge of preceding data signal (e.g., pulse) and the trailing
edge of the signal may be the leading edge of next signal.
Accordingly, the L1 group table (FIG. 5) and T1 group table
(FIG. 6) may be merged into the L'T1 group table (FIG. 9).

The simplified DDC 400 of FIG. 4 may provide a more
ellicient solution than DDC 300 of FIG. 3 though any other
appropriate implementation of data dependency controllers
and/or look-up tables may be used besides the examples of
FIGS. 3-10.

FIGS. 11-14 depict graphical representations (e.g., as onan
oscilloscope) of data transmissions and the data eye after a
backplane according to prior art methods (1in FIGS. 11 and 12)
and implementing various embodiments of the present inven-
tion (1n FIGS. 13 and 14) to 1llustrate the benefits of embodi-
ments of the present mvention. The data transmissions in
FIGS. 11-14 illustrate transmission and reception using a
SerDes transmitter sending a pseudorandom binary sequence
pattern.

FIG. 11 depicts the SerDes transmitter sending data with-
out any pre-equalization (e.g., pre-DCD) and the data eye
alter a backplane. In such a case, arecerver must have a strong
equalization function to ensure 1ts clock data recovery circuit
tunctions properly. Receiver decision feedback equalization
1s used to remove and/or reduce channel post-cursor etlects.
As seen 1n FIG. 11, using only recerver decision feedback
equalization boosts high frequency noise and crosstalk. This
may be seen as there 1s no discernable data eye at the receiver
end. Accordingly, the total serial link performance 1is
degraded.

FIG. 12 depicts the SerDes transmitter using conventional
amplitude-only FIR pre-emphasis and the data eye after a
backplane. As seen 1n FIG. 12, the amplitude of the data
signal 1s boosted, distorting the data eye at the transmitter but
opening 1t at the recerver. In conventional implementations
such as this, the transmitter must transmit more than the usual
signal amplitude to maintain low frequency content at a mini-
mum level. This requires extra headroom as described above
and complicates circuit design. Further, to transmit the addi-
tional signal amplitude, increased supply voltage 1s required
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leading to increased power consumption. Still further, the
large signal output serves as a severe crosstalk aggressor to
increase both NEXT and FEXT. Even further, this limaits the
total signal amplitude after a lossy backplane because the
boosted high frequency energy 1s mostly attenuated. As a
result, the signal dynamic range 1s limited, which inhibits
decision-feedback receiver equalization. Thus, high gain and
large high frequency boosting power of an analog recerver
equalization 1s difficult without using a large silicon size
and/or consuming significant power.

FIG. 13 depicts the SerDes transmitter and the data eye
alter a backplane utilizing the pre-DCD of the present inven-
tion according to FIGS. 1-10, especially FIGS. 3-10. As in the
amplitude pre-emphasis method shown 1 FIG. 12, the data
eye at the transmitter 1s distorted, but opens at the receiver.
The pre-DCD methods and circuits do not transmit a larger
signal than necessary, thus decreasing power consumption.
Further, as seen here, the inventive pre-DCD methods and
circuits alleviate the stringent design requirements described
above with respect to FIG. 12 and do not increase NEX'T and
FEXT. Still further, the recerved signal has the increased
amplitude necessary for good decision-feedback recerver
equalization performance.

FIG. 14 depicts the SerDes transmitter and the data eye
after a backplane utilizing the pre-DCD circuits and methods
as well as the multi-dimensional modulation circuits and
methods described in FIGS. 1 and 2. That 1s, both amplitude
TXPE and pre-DCD are employed according to embodiments
of the invention described herein. The amplitude TXPE and
pre-DCD methods complement each other to achieve
improved signal transmission and reception, as shown. This
may be seen 1n the increased data eye 1n FIG. 14. The multi-
dimensional modulation method combines the advantages of
both the amplitude pre-emphasis shown 1in FIG. 12 and the
pre-DCD shown in FIG. 13 to achieve greater equalization
without increasing crosstalk or unnecessarily increasing
power consumption.

FIG. 15 1s a schematic drawing of a computer 1500 accord-
ing to an embodiment of the mvention. One or more of the
DDCs of FIGS. 3 and 4 and the DCD circuit 200 of FIG. 2
may be implemented on various components of computer
1500 as appropriate. Computer 1500 contains a processor
1502 which controls the overall operation of the computer
1500 by executing computer program instructions which
define such operation. The computer program instructions
may be stored 1n a storage device 1504 (e.g., magnetic disk,
database, etc.) and loaded 1nto memory 1506 when execution
of the computer program instructions 1s desired. Thus, appli-
cations for performing the herein-described method steps,
such as mitiating transmission and/or conducting the various
forms of pre-emphasis and/or pre-DCD, are defined by the
computer program instructions stored in the memory 1506
and/or storage 1504 and controlled by the processor 1502
executing the computer program instructions. The computer
1500 also includes one or more network interfaces 1508 for
communicating with other devices via a network. The com-
puter 1500 also includes other nput/output devices 1510
(e.g., display, keyboard, mouse, speakers, buttons, etc.) that
enable user iteraction with the computer 1500. One skalled
in the art will recognize that an implementation of an actual
controller could contain other components as well, and that
the computer of FIG. 15 15 a high level representation of some
of the components of such a controller for illustrative pur-
poses.

Further, the computer 1500 may be implemented on, may
be coupled to, and/or may include any components or devices
that are typically used by, or used 1in connection with, a
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computer or computer system. Computer 1500 and/or pro-
cessor 1502 may include one or more central processing
units, read only memory (ROM) devices and/or random
access memory (RAM) devices.

According to some embodiments of the present invention,
istructions of a program (e.g., controller software) may be

read into memory 1506, such as from a ROM device to a
RAM device or from a LAN adapter to a RAM device. Execu-
tion of sequences of the instructions in the program may cause
the computer 1500 to perform one or more of the method
steps described herein. In alternative embodiments, hard-
wired circuitry, logic, or integrated circuits may be used in
place of, or 1n combination with, software instructions for
implementation of the processes of the present invention.
Thus, embodiments of the present invention are not limited to
any specific combination of hardware, firmware, and/or soit-
ware. The memory 1506 may store the software for the com-
puter 1500, which may be adapted to execute the software
program and thereby operate 1n accordance with the present
invention and particularly in accordance with the methods
described 1n detail below. However, it would be understood
by one of ordinary skill in the art that the mmvention as
described herein could be implemented 1n many different
ways using a wide range of programming techmques as well
as general purpose hardware sub-systems or dedicated con-
trollers.

Such programs may be stored 1n a compressed, uncompiled
and/or encrypted format. The programs furthermore may
include program elements that may be generally usetul, such
as an operating system, a database management system and
device drivers for allowing the controller to interface with
computer peripheral devices, and other equipment/compo-
nents. Appropriate general purpose program elements are
known to those skilled 1n the art, and need not be described 1n
detail herein.

The foregoing Detailed Description 1s to be understood as
being 1n every respect illustrative and exemplary, but not
restrictive, and the scope of the mvention disclosed herein 1s
not to be determined from the Detailed Description, but rather
from the claims as interpreted according to the full breadth
permitted by the patent laws. It 1s to be understood that the
embodiments shown and described herein are only 1llustra-
tive of the principles of the present invention and that various
modifications may be implemented by those skilled 1n the art
without departing from the scope and spirit of the mvention.
Those skilled 1n the art could implement various other feature
combinations without departing from the scope and spirit of
the 1nvention.

The mvention claimed 1s:
1. A method for serial transmission comprising:
modulating a duty cycle of a signal; and
modulating an amplitude of the signal wherein the duty
cycle of the signal and the amplitude of the signal are
modulated substantially simultaneously.
2. The method of claim 1 wherein modulating the duty
cycle of the signal comprises:
dynamically modulating a pulse width of the signal.
3. The method of claim 2 wherein dynamically modulating
a pulse width of the signal comprises:
modulating the pulse width based on a signaling bit of the
signal and one or more preceding signaling bits.
4. The method of claim 2 wherein dynamically modulating,
a pulse width of the signal comprises:
modulating the pulse width based on a signaling bit of the
signal and one or more succeeding signaling bits.
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5. The method of claim 4 wherein modulating the pulse
width based on a signaling bit of the signal and one or more
succeeding signaling bits further comprises:

modulating the trailing edge of a bit succeeding the signal-
ing bit.

6. The method of claim 3 wherein modulating the pulse
width based on a signaling bit of the signal and one or more
preceding signaling bits further comprises:

modulating the leading edge of a bit succeeding the signal-
ing bit.

7. The method of claim 1 wherein modulating the ampli-

tude of the signal comprises:

boosting the amplitude of the signal based on a look-up
table.

8. The method of claim 1 wherein modulating the duty

cycle of the signal comprises:

modulating the edges of a signaling bit the signal based on
timing signal information 1n a look-up table.

9. The method of claim 1 further comprising:

transmitting to a clock butler data control signals based on
the modulation of the duty cycle of the signal; and

transmitting to a data butler data control signals based on
the modulation of the amplitude of the signal.

10. A multi-dimensional modulation circuit comprising:

a multi-dimensional modulation module comprising:

a duty cycle pre-distortion circuit for modulating a duty
cycle of a signal; and

an amplitude pre-emphasizer for modulating an amplitude
of the signal, wherein the duty cycle of the signal and the
amplitude of the signal are modulated substantially
simultaneously.

11. The multi-dimensional modulation circuit of claim 10

further comprising:

a programmable threshold clock butier module configured
to buffer the delay of a clock signal; and

a programmable threshold data buifer module configured
to buffer the slew rate of a data signal.

12. The multi-dimensional modulation circuit of claim 11

turther comprising:

a clock source configured to send a clock signal to the clock
buffer module;

a demultiplexer configured to demultiplex an incoming
transmission signal; and

a multiplexer configured to multiplex the transmission sig-
nal from the demultiplexer with a clock signal from the
clock buffer module and send the multiplexed signal to
the data buffer module.

13. The circuit of claim 11 wherein the clock butfer module

comprises a series of bullers.

14. The circuit of claim 11 wherein the data butier module
comprises a series of bullers.

15. A duty cycle pre-distortion circuit comprising:

a plurality of delay elements configured to delay a data

signal;

a plurality of look-up table circuits comprising edge con-
trol information, wherein said plurality of look-up table
circuits generate said edge control information within a
sliding window of n senial data bits within said data
signal and wherein said sliding window slides less than
m bits per step, wherein m 1s less than a number of bits

in an associated parallel data size; and

an adder configured to recerve said edge control informa-
tion from the plurality of look-up table circuits and out-
put a duty cycle pre-distortion signal.
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16. An apparatus for serial transmission comprising: 19. The apparatus of claim 18 further comprising:
means for modulating a duty cycle of a signal; and means for modulating the leading edge of a bit succeeding
means for modulating an amplitude of the signal, wherein the signaling bit.
the duty cycle of the signal and the amplitude of the 20. The apparatus of claim 16 wherein the means for modu-
signal are modulated substantially simultaneously. 5 lating the amplitude of the signal comprises:
17. The apparatus of claim 16 wherein the means for modu- means for boosting the amplitude of the signal based on a

look-up table.
21. The apparatus of claim 16 wherein the means for modu-
lating the duty cycle of the signal comprises:
10  means for modulating the edges of a signaling bit the signal
based on timing signal information in a look-up table.
22. The apparatus of claim 16 further comprising;

lating the duty cycle of the signal comprises:
means for dynamically modulating a pulse width of the
signal.
18. The apparatus of claim 17 wherein the means for
dynamically modulating a pulse width of the signal com-

prises. _ _ , _ _ means for transmitting to a clock buffer data control signals
means for modulating a leading edge of a signaling bit of based on the modulation of the duty cycle of the signal;

the signal; 5 and
means for modulating a trailing edge of the signaling bat; means for transmitting to a data buffer data control signals
and based on the modulation of the amplitude of the signal.

means for modulating a trailing edge of a bit preceding the
signaling bit. I
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